INTRODUCTION
Human immunodeficiency virus type 1 (HIV-1) is a viral antigen that causes incurable AIDS. Although combination antiretroviral therapy (cART) suppresses HIV-1 to undetectable levels and partially restores immune function in infected individuals [1] , it produces serious side effects, such as lipid metabolism disorders and cardiovascular diseases [2] . Moreover, interruption of cART causes the virus to rapidly rebound to its pretreatment levels [3, 4] . The main cause of treatment failure is the existence of latent HIV-1 reservoirs [5] [6] [7] [8] . Recent studies have explored a strategy named "shock and kill," which would eradicate HIV-1 in latent HIV-1 reservoirs by activating HIV-1 transcription and viral antigen expression in the presence of cART [9] [10] [11] [12] . When attempting to use this strategy, the first challenge is to find latency reversing agents (LRAs) to efficiently reactivate latent HIV-1. Several agents have been explored [13] and two types of LRAs have reached human testing. The histone deacetylase (HDAC) inhibitors romidepsin [14] , vorinostat (SAHA) [15] , and panobinostat [16, 17] transcriptionally reactivate latent HIV-1 but do so in a nonspecific manner [18, 19] . A second candidate, disulfiram, was proven effective as an LRA but failed to reduce the reservoir size [20, 21] . Therefore, the discovery of additional compounds and novel cellular targets will be required for an effective "shock and kill" strategy.
The pharmacological effects of bromodomain (BD) and extraterminal domain (BET) family members have recently received a great deal of attention as a possible therapeutic mechanism [22] . It is thought that targeting the binding site(s) of BET proteins to chromatin may be an effective means of regulating HIV-1 gene expression, particularly transcription elongation [23] . Several studies have reported that the BET inhibitors JQ1 and OTX015 could reactivate HIV-1 in different latency models [23] [24] [25] . However, both JQ1 and OTX015 are antitumor candidates, and their binding to both the first BD (BD1) and second BD (BD2) of BET proteins may increase their toxicity and side effects [26] . Recently, a novel BET inhibitor, apabetalone (RVX-208), has received much attention and is being developed by Resverlogix Corporation for the treatment of cardiovascular diseases and lipid metabolism disorders [27] . Apabetalone is specific for BET BDs and displays preferential binding to their BD2. Furthermore, it has high oral bioavailability and no reported side effects [28] .
In this study, we examined the impact of apabetalone on HIV-1 latency. The results indicated that apabetalone could effectively reactivate latent HIV-1 by dissociating BDR4 from the HIV-1 promoter and recruiting Tat to stimulate HIV-1 elongation, and this effect was significantly enhanced when combined with prostratin or SAHA. Furthermore, we demonstrated that apabetalone produced cell cycle arrest at G 1 /G 0 phase and thereby induced the preferential apoptosis of HIV-1 latent cells to promote the death of reactivated reservoir cells. Notably, low HDL cholesterol, lipid metabolism disorders, and cardiovascular diseases are all known side effects of cART and might be prevented by apabetalone. Therefore, apabetalone should be an ideal bifunctional LRA for advancing HIV eradication and reducing the side effects of cART.
MATERIALS AND METHODS
Cell culture J-Lat A2 cells (harboring a single copy of latent HIV-1 long terminal repeat (LTR) and one copy of the green fluorescent protein (GFP) gene under HIV-1 LTR control), J-Lat 10.6 cells (containing a fulllength integrated HIV-1 genome that expresses GFP upon activation), U1 cells (harboring two latent HIV-1 genomes with a defective Tat gene), and ACH2 cells (HIV-1 latent T-cell clone with one integrated proviral copy of Lymphaenopathy Associated Virus (LAV)) were cultured in RPMI 1640 medium with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in a 37°C incubator containing 5% CO 2 . All cell lines were obtained from the NIH AIDS Reagent Program. For reactivation of the HIV-1 LTR, cells were treated with prostratin (Sigma-Aldrich, St Louis, MO, USA), JQ1 (MCE, Vantaa, Finland), SAHA (vorinostat, MCE), or apabetalone (Selleck, Boston, MA) for 48 h. HIV-1 reactivation was quantified by measuring GFP expression with a flow cytometer. The data for JLat A2 cells and J-Lat 10.6 cells were analyzed using FlowJo Software, and the data for U1 cells and ACH2 cells were obtained using the HIV-1 p24 enzyme-linked immunosorbent assay (ELISA).
TZMbl cells used for transient transfection and luciferase assays were purchased from ATCC (Manassas, VA) and grown in Dulbecco's modified Eagle's medium supplemented with 10% FBS.
Isolation of CD4
+ T cells from HIV-1-infected individuals The HIV-infected patients were selected based on sustained plasma viral load suppression (plasma viral loads were < 20 copies/ml for > 12 months and their CD4 count was > 350 cells/ml) and their essential information is provided in Table S1 . Human peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient centrifugation using Histopaque-1077 (Sigma-Aldrich). Primary CD4 + T cells were isolated from populations of PBMCs with an EasySep kit (STEMCELL Technologies, Inc., Vancouver, BC, Canada) according to the manufacturer's instructions and their purity was > 90%.
Cell viability assay Cell viability was evaluated with a CCK-8 kit (Dojindo Molecular Technologies, Inc., Japan). Human PBMCs, J-Lat A2, J-Lat 10.6, ACH2, U1 cells (1 × 10 5 cells per well), or TZMbl cells (1 × 10 4 cells per well) were seeded into the wells of a 96-well plate and incubated with drugs for 48 h. Next, 10 μl of CCK-8 reagent was added to 100 μl of the cell culture mixture and incubated for an additional 4 h at 37°C. Optical density was then recorded at a wavelength of 450 nm on a micro-plate reader (TECAN, Switzerland).
Detection of T-cell activation markers and HIV-1 receptors/coreceptors Human PBMCs (1 × 10 6 cells per well) collected from healthy individuals were treated with drugs for 24 h or 72 h and then incubated with CD25-FITC, CD69-FITC, CD38-FITC, or HLA-DR-FITC antibodies (BD Biosciences, San Jose, CA, USA), respectively, at 4°C for 30 min in the dark for purposes of surface staining. After staining, the cells were washed three times to eliminate fluorescence background interference and aliquots of 5 × 10 4 cells were collected for the analysis of T-cell activation markers via dual channels. Fluorescence values and dot plots were analyzed using FlowJo 7.6 software (Treestar, San Carlos, CA, USA).
Human PBMCs (1 × 10 6 cells per well) from healthy individuals were treated with drugs for 48 h and then incubated with either anti-CD4/anti-CCR5 antibodies or anti-CD4/anti-CXCR4 antibodies (BD Biosciences), respectively, at 4°C for 30 min in the dark for purposes of surface staining. After staining, the cells were analyzed by flow cytometry.
ELISA for inflammatory cytokines Supernatant fractions from PBMC cultures were collected at 24 h and 72 h after drug treatment and analyzed by ELISA assay according to the manufacturer's protocols using the following: tumor necrosis factor (TNF)-α, interferon (IFN)-γ, interleukin (IL)-2, and IL-6 (eBioscience, San Diego, CA, USA).
Measurement of intracellular HIV-1 RNA transcripts Isolated CD4
+ T cells were either incubated with apabetalone or co-treated with LRAs for 48 h. Next, their total RNA was extracted using TRIZOL (Invitrogen, Carlsbad, CA, USA) and chloroform, and then precipitated with isopropanol. Reverse transcription of RNA to cDNA was performed according to a protocol provided with the PrimeScript RT Reagent Kit (TAKARA, Japan) and using gDNA Eraser (TAKARA) to remove genomic DNA. Quantitative PCR (qPCR) was performed using SYBR Select Master Mix (Applied Biosystems, Foster City, CA, USA) on the 7500 Real-Time PCR System (Applied Biosystems). The two-step procedure included a denaturation step (95°C for 15 s) followed by annealing and extension (40 cycles of 60°C for 60 s). The primers used for the HIV-1 LTR were as follows: forward (5′-3′) GCC TCC TAG CAT TTC GTC ACAT; reverse (5′-3′) GCT GCT TAT ATG TAG CAT CTG AGG. The 2 −ΔΔCT method was used to analyze expression levels relative to the GAPDH gene.
Combination of apabetalone and anti-HIV drug luciferase assays ACH2 cells (8 × 10 5 cells per well) were seeded into 96-well plates and then incubated with apabetalone (30 μM) and treated with anti-HIV-1 drugs, including Zidovudine (100 nM), Raltegravin (50 nM), Nevirapine (300 nM), and Plerisafor (100 nM), for 96 h at 37°C. After centrifugation, cell debris was discarded and 100 μl supernatant was added into the 96-well polystyrene plates coated with TZMbl cells. After 48 h, TZMbl cells were lysed and luciferase activity was measured using the Dual-Luciferase Reporter Assay Kit (Promega, Madison, WI, USA) according to the manufacturer's instructions.
Assessment of cART drugs' antiviral activity in the presence or absence of apabetalone The inhibitory activity of cART drugs against three different primary HIV-1 strains (HIV-1 IIIB (X4), Bal (R5), and 93BR020 (X4R5)) in the presence of preformed apabetalone was detected, respectively. Briefly, 1 × 10 5 /ml TZMbl cells were seeded and incubated at 37°C overnight. Apabetalone (30 μM) was incubated with Zidovudine, Raltegravin, Nevirapine, Maraviroc, or Plerisafor at graded concentrations, and the mixture was further coincubated with 2 ng of p24 of viruses at room temperature (RT) for 10 min before the addition of the mixture to TZMbl cells. At 3 h post infection, the culture supernatants were changed for fresh medium. At 72 h post infection, the luciferase activity was measured. The inhibition concentrations for 50% inhibition (IC 50 ) values were calculated using Calcusyn software v. 40, kindly provided by Dr. T. C. Chou at Sloan-Kettering Cancer Center (New York, NY).
Transient transfection and luciferase assays TZMbl cells were plated at 2 × 10 5 cells/well in 12-well culture plates 24 h before transfection and then transfected with either Tat or pcDNA 3.1 plasmids using Lipofectamine 3000 (Invitrogen) according to the manufacturer's instructions. At 24 h post transfection, the cells were either mock-treated or treated with apabetalone. At 48 h post treatment, the cells were lysed and luciferase activity was measured using a Dual-Luciferase Reporter Assay Kit (Promega).
Protein extraction for western blot analysis Following treatment, cells were lysed in RIPA lysis buffer (50 mM Tris HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.25% sodium deoxycholate, 0.1% SDS) and then incubated on ice for 10 min, after which they were centrifuged at 12,000 × g for 10 min at 4°C. The supernatant fractions were collected for use as a whole protein extract. The nucleoproteins were extracted using NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific, Carlsbad, CA, USA) according to the manufacturer's protocol. The protein extract was quantified prior to being denatured by the addition of a loading buffer and then incubated at 100°C for 10 min. The protein samples were either stored at − 80°C or directly used for western blot analyses with the following antibodies: Tat (ab6539; Abcam), cyclin T1 (81464, CST), CDK9 (2316, CST), p-CDK9 (Thr186, sc-139604, Santa Cruz Biotechnology), Rpb1 CTD (2629, CST), P-Rpb1 CTD (Ser2, 13499, CST), p21 waf1/Cip1 (2947, CST), CDK4 (12790, CST), CDK6 (13331, CST), cyclin D1 (2978, CST), Rb (9309, CST), p-Rb (Ser780, 8180, CST), pRb (Ser795, 9301, CST), and p-Rb (Ser807/811, 8516, CST).
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed using kits (Millipore, Billerica, MA, USA) according to the manufacturer's protocol and previously described procedures. Briefly, ACH2 cells (1 × 10 6 cells per well) were treated with apabetalone for 24 h, after which they were fixed in 4% formaldehyde, resuspended in lysis buffer, and sonicated to obtain DNA fragments of 500-1000 bp. The DNA fragments were incubated overnight at 4°C with IgG, CDK9, BRD4, Tat, or Pol II CTD-Ser2P antibodies, and immune complexes were retrieved by incubation with Protein G agarose beads. After washing, the chromatin was eluted and reverse cross-linked overnight. qPCR was performed using SYBR Select Master Mix (Applied Biosystems) on the 7500 Real-Time PCR System (Applied Biosystems) using a standard two-step procedure (denaturation at 95°C for 15 s, followed by 40 one-minute cycles of annealing/extension at 60°C). The forward primer was 5′-AGACTGCTGACATCGAGCTTTCT-3′ and the reverse primer was 5′-GTGGGTTCCCTAGTTAGCCAGAG-3′. The results from fragments obtained after incubation with different antibodies were normalized against input DNA and are presented as fold-changes relative to a dimethyl sulfoxide control. The amplified DNA products (166 bp) were subjected to 2% agarose gel electrophoresis, and images were captured under the UV transilluminator (Alpha Innotech, CA, USA).
Cell cycle analysis Cells were fixed with ice-cold 70% ethanol in phosphate-buffered saline (PBS) and then incubated with 50 μg/ml propidium iodide and 0.5 μg/ml RNase A at 37°C for 0.5 h. The cells were then analyzed using a BD FACSCanto TM II flow cytometer (BD Biosciences). DNA histograms were generated and analyzed using FlowJo 7.6 software (Treestar, Inc., Ashland, OR, USA).
Annexin V labeling After drug treatment, cells were collected and washed twice with PBS. Apoptosis was measured using a FITC Annexin V Apoptosis Detection Kit (BD Biosciences). The extent of apoptosis was quantified as the percentage of Annexin V-positive cells.
Quantitative analysis of synergy of LRA combinations The Bliss independence model was adapted to calculate synergy when resveratrol was conventional LRAs. For drug x and drug y, f axy, P is the predicted fraction affected by a combination of drug x and drug y based on the experimentally observed fraction affected by drug x (ƒ ax ) and drug y (ƒ ay ) individually and is calculated from the equation ƒ axy, P = ƒ ax + ƒ ay − (ƒ ax )(ƒ ay ). ƒ axy, O is the experimentally observed fraction affected by a combination of drug x and drug y. According to the Bliss model, ƒ axy, O was compared with ƒ axy, P with the following computation: Δƒ axy = ƒ axy, O − ƒ axy, P . If Δƒ axy > 0 showed statistical significance, the combination effect of two drugs exceeded that predicted by the Bliss model and the drug combination displayed synergy. If Δƒ axy < 0 showed statistical significance, the combination effect of two drugs was less than that predicted by the Bliss model and the drug combination displayed antagonism. In our analysis, ƒ ax = % GFP-positive cells after treatment with drug x − % GFP-positive cells of the untreated group.
Ethics statement
The patients' peripheral blood was collected in the Eighth People's Hospital of Guangzhou (Guangzhou, China) with written informed consent. The experiment was approved by the Ethical Committee of the Eighth People's Hospital of Guangzhou and performed in accordance with relevant guidelines and regulations.
Statistical analysis
Experimental results are represented as the mean ± SD of at least three independent experiments. Statistical analyses of comparisons between groups were performed using one-way analysis of variance followed by Tukey's t-test. All analyses were formed using GraphPad Prism 5.0 software (San Diego, CA, USA). P-values < 0.05 were considered statistically significant. P-values were defined as *P < 0.05 and **P < 0.01.
RESULTS

Apabetalone reversed HIV-1 latency in vitro and ex vivo
The structures of apabetalone and JQ1 are shown in Fig. 1a ,b. We initially assessed the ability of a biologically active of apabetalone to induce HIV-1 expression in J-Lat A2 and 10.6 cells, which contained a latent, transcriptionally competent HIV provirus that encodes a GFP gene as an indicator of reactivation. After treatment to J-Lat cells with apabetalone for 48 h, the percentages of GFP + J-Lat A2 (Fig. 1c ) and 10.6 cells (Fig. 1d ) significantly increased as determined by flow cytometry. We further conducted the same studies using ACH2 cells and U1 cells, which were chronically infected with HIV-1. Results showed that apabetalone stimulated HIV-1 p24 expression in a dose-dependent manner in both ACH2 (Fig. 1e ) and U1 cells (Fig. 1f ) after 48 h of treatment.
We additionally investigated the ability of apabetalone to reactivate latent HIV-1 expression in isolated CD4 + T cells obtained from HIV-1-infected individuals receiving suppressive cART. Here, CD4
+ T cells were incubated with apabetalone (30 μM), JQ1 (2 μM), SAHA (1 μM), or prostratin (1 μM) for 48 h, respectively. Then, the expression levels of HIV 5′-LTR transcription were analyzed by reverse transcription (RT)-qPCR. Apabetalone induced an increase in HIV-1 transcription in all ten donors, among which seven donors had a > 4-fold increase in intracellular HIV-1 mRNA levels compared with the negative control ( Fig. 1g and  Fig. S1 ). These results suggest that apabetalone is effective at reactivating transcription of HIV in latently infected cells in vitro and ex vivo.
Apabetalone displayed no toxicity and downregulated the HIV-1 receptor/co-receptors The efficacy of an LRA depends on the balance between its specific activity and its safety. Therefore, we evaluated the + T cells obtained from individuals receiving suppressive cART. All data are reported as the mean ± SD. The P-values are defined as *P < 0.05 and **P < 0.01 vs. control cytotoxic effects of apabetalone on target cell lines, including human PBMCs, J-Lat A2, J-Lat 10.6, ACH2, U1, and TZMbl cells. After treatment with apabetalone for 48 h, CCK-8 assay was performed. Our experiment demonstrated that the CC 50 of apabetalone up to 200 μM, which was ten times more than the CC 50 of JQ1 ( Table 1 ). The therapeutic index of apabetalone is > 8, indicating that it is safe and better than JQ1 when used at its reactivating concentration.
One of the major disadvantages of current therapeutic LRAs in clinical trials is the propensity to non-specifically activate bystander T cells. Here we further examined the expression of Tcell surface activation biomarkers following 24 and 72 h of stimulation with apabetalone in HIV-negative PBMCs. The results showed that apabetalone did not significantly affect the expression of T-cell biomarkers including CD69, CD25, CD38, and HLA-DR (Fig. 2a, b) . However, significantly increased levels of T-cell activation biomarkers were observed after treatment with the positive control prostratin for both 24 h (Fig. 2a ) and 72 h (Fig. 2b) .
It is important that any agent used for disrupting HIV latency does not exacerbate any unresolved chronic immune activation and inflammatory cytokine expression during HIV eradication interventions. We further measured pro-inflammatory cytokine expression following stimulation with apabetalone (30 μM) or prostratin (5 μM) for 24 or 72 h on HIV-negative PBMCs by ELISA. We found no significant increase in the expression of the TNF-α, IL-2, and IL-6 cytokines, and only a slight increase in IFN-γ expression (Fig. 2c) , indicating that apabetalone did not inhibit the cytotoxic T lymphocyte (CTL) response of CD8 + T cells [29, 30] . Published data have identified that prostratin and JQ1 downregulate HIV receptor/co-receptor expression, which could protect cells against viral infection. Conversely, SAHA, which is known to induce latent HIV expression in HIV-infected individuals receiving cART, was reported to increase the susceptibility of naive CD4 + T cells to HIV acquisition. We sought to examine how apabetalone affected the expression of HIV receptors/co-receptors on the surface of HIV-negative PBMCs. The results showed that apabetalone significantly reduced the expression of the HIV co-receptors CCR5 and CXCR4 (Fig. 2d) , suggesting that it might not pose a risk of increasing PBMCs susceptibility to HIV infection during its reactivation of HIV latency.
Apabetalone synergistically reactivated latent HIV-1 and could combine with cART drugs to inhibit viral infection As several molecular pathways are involved in establishing and maintaining HIV-1 latency, our studies that examined the reactivation of latent HIV-1 were conducted using a protein kinase C agonist prostratin and a HDAC inhibitor SAHA in combination with apabetalone. J-Lat A2 cells were treated with SAHA (500 nM) or prostratin (500 nM) alone, or in combination with apabetalone (10 μM) for 48 h. A lower concentration was used in these assays, as apabetalone was found to be very potent in reactivating latent HIV-1 expression (Fig. 1) and the combined effects of apabetalone with other LRAs would be difficult to distinguish at higher concentrations. To assess whether the activity of the combined drugs met the criteria for drug synergy, we compared the experimentally observed effect of the combined agents to the effect predicted under the Bliss independence model described in the Materials and Methods. We observed that a combination of apabetalone and SAHA resulted in 28.80% of GFP + cells, which was much higher than the predicted 14.17% of cells. The combination of apabetalone and prostratin resulted in 68.95% of GFP + cells, which was much higher than the predicted 34.88% of cells (Fig. 3a) . Similar results were observed in latent HIV-infected immune ACH2 cell lines. Although apabetalone (10 μM) alone induced an~3.7-fold increase in latent HIV reactivation compared with controls, the addition of SAHA or prostratin increased HIV transcription > 10-fold and 83-fold, respectively (Fig. 3b) . Those results indicated that apabetalone combined with SAHA or prostratin produced a synergistic effect on the reactivation of HIV-1 from latency in latent HIV-1 cell lines.
The above results prompted us to examine whether a combination of SAHA or prostratin with apabetalone would significantly enhance the induction of latent HIV expression in CD4 + T cells obtained from HIV-1-infected individuals receiving suppressive cART. CD4
+ T cells were treated with apabetalone (30 μM) alone or in combination with SAHA (500 nM) or prostratin (500 nM), and their HIV-1 transcription activity was measured by RT-qPCR. After 48 h of stimulation, the 5′-LTR assay indicated that the strong combined effect of apabetalone plus SAHA or prostratin induced a > 10-fold increase in HIV RNA transcription ( Fig. 3c and Fig. S2 ). Thus, apabetalone given in combination with SAHA or prostratin exerted a synergic effect on the reactivation of HIV-1 transcription from latency in both HIV latency cell models and CD4 + T cells obtained from patients receiving suppressive cART.
To investigate whether apabetalone interfered with the effects of the antiretrovirals, we treated ACH2 cells with apabetalone and cART drugs including Zidovudine, Raltegravin, Nevirapine, and Plerisafor for 96 h. Then, the supernatant of ACH2 cells was added to TZMbl cells that contain an integrated HIV-1 LTR linked to the luciferase reporter gene in their genome to detect HIV-1 infection through luciferase assay. As shown in Fig. 3d , apabetalone antagonized HIV-1 latency efficiently at the concentration of 30 μM. However, the combination of apabetalone with cART drugs, a rapid decrease of HIV-1 expression could be evaluated by detecting the expression of luciferase reporter gene, which indicated that the virus reactivated by apabetalone could be inhibited by cART drugs.
Next, we wanted to know whether apabetalone would interfere with the anti-HIV activity of cART drugs. As shown in Table 2 , although apabetalone could enhance HIV-1 infection, Zidovudine, Raltegravir, Nevirapine, Maraviroc, and Plerixafor still showed strong inhibitory activity against infection by all tested strains in the presence or absence of apabetalone. The IC 50 values of cART drugs with or without apabetalone were similar across most HIV-1 strains. These data supported the notion that the combination of cART with apabetalone does not interfere with cART drugs' antiretroviral activity, which suggested that the reactivation conducted under the cover of cART could lead to the selective killing of latently infected cells and the "purging" of the latent viral reservoir.
Apabetalone activated latent HIV-1 by a Tat-dependent P-TEFb pathway The HIV-1-encoded Tat protein has a key role in overcoming HIV-1 latency. Whether the reactivation of apabetalone was attributed to regulating the expression of Tat protein was unknown. Therefore, the expression of an integrated luciferase reporter gene driven by the HIV-1 LTR in the Hela-based TZMbl cells with or without Tat was detected first. The levels of Tat expression after transfection with 2 μg or 5 μg of Tat-plasmid are shown in Fig. 4a . Apabetalone (30 μM) alone induced LTR-driven luciferase expression by only 3.6-fold relative to the mock control. However, after transfection, the activation of HIV-1 LTR by apabetalone was dramatically increased up to 36.2-fold (2 μg Tat) and 49.4-fold (5 μg Tat), whereas Tat induced luciferase expression only by 8.3-fold (2 μg Tat) and 17.2-fold (5 μg Tat) (Fig. 4b) . As transcription elongation from the HIV-1 promoter uniquely depends on P-TEFb, we wanted to know whether the effect of apabetalone on latent cells might influence P-TEFb activity. As shown in Fig. 4c,d , apabetalone treatment led to dose-and timedependent increases in cyclin T1 expression, whereas CDK9 expression was not significantly changed. We further detected the CDK9 phosphorylation of Thr186. After treatment with apabetalone, CDK9 phosphorylation increased obviously. In addition, apabetalone treatment markedly enhanced the expression of the RNAP II C-terminal domain and its phosphorylation on Ser2, which in turn facilitates HIV-1 transcription elongation.
Next, we sought to determine whether apabetalone affected the occupancy of HIV-1 Tat, and the host cellular P-TEFb and RNAP II C-terminal domains of the HIV-1 promoter. Quantitative ChIP analyses were performed to detect the binding of these factors to a small region that overlapped with the HIV transcription starting site in ACH2 cells after treatment with apabetalone (30 μM). JQ1 (2 μM) served as a positive control. As expected, apabetalone induced a significant reduction (3.1-fold) in the level of BRD4 bound to the HIV-1 promoter when compared with the control. Moreover, it also significantly increased the levels of CDK9 and RNAP II CTD-Ser2P bound to the HIV-1 promoter by 3.4-fold and 2.6-fold, respectively (Fig. 4e) . In addition, the ability of apabetalone to antagonize BRD4's suppression of Tattransactivation appeared to be achieved by removing BRD4 from the HIV-1 promoter, thereby allowing a 6.3-fold increase in the amount of Tat bound to the HIV-1 promoter (Fig. 4e) . Corresponding to Fig. 4e , the PCR products were submitted to agarose electrophoresis and similar results were shown in Figure 4f .
Apabetalone preferentially induced apoptosis in HIV-1 latent cells An ideal LRA should not only efficiently induce the activation of latent HIV-1 but also reduce the size of the HIV-1 latent reservoir. To explore whether apabetalone could induce apoptosis in HIV-1 latent cells, we used U937 cells and its subclone U1 cell line (a subclone of U937 that has been chronically infected with HIV-1). Fig. 3 Apabetalone synergistically reactivated latent HIV-1 and could combine with cART drugs to inhibit viral infection. a Apabetalone combined with SAHA or prostratin had synergistic effects on the reactivation of latent HIV-1 in J-Lat A2 cells. *P < 0.05 and **P < 0.01 compared with LRA treatment alone. The Bliss independence model was utilized for calculating the synergy of LRA combinations. A dotted horizontal line signifies a purely additive effect (Δƒa xy = 0). Synergy is defined as Δƒa xy > 0, whereas Δƒa xy < 0 indicates antagonism. Statistical significance was determined using a one-tailed ratio t-test to compare the predicted and observed effects of drug combinations. b Apabetalone combined with SAHA or prostratin had synergistic effects on the reactivation of latent HIV-1 in ACH2 cells. *P < 0.05 and **P < 0.01 compared with LRA treatment alone. c Apabetalone combined with SAHA or prostratin had synergistic effects on the reactivation of latent HIV-1 in primary CD4 + T cells from individuals receiving suppressive cART. Data are reported as the mean ± SD from at least three independent experiments. P-values are defined as *P < 0.05 and **P < 0.01 compared with SAHA treatment alone. ) were treated with apabetalone in the presence or absence of cART drugs Zidovudine (100 nM), Raltegravir (50 nM), Nevirapine (300 nM), and Plerixafor (100 nM) for 96 h. The supernatants of ACH2 cells containing the residual reactivated HIV-1 were cultured with TZMbl cells for 48 h before testing residual HIV-1 infectivity using the luciferase assay. Data are reported as the mean ± SD from at least three independent experiments. P-values are defined as *P < 0.05 and **P < 0.01 compared with apabetalone treatment alone Intriguingly, although apabetalone (30 μM) failed to induce apoptosis in U937 cells, it induced significant levels of apoptosis among U1 cells in a dose-dependent manner after treatment for 72 h (Fig. 5a-c and Fig. S3B ). In comparison, JQ1 (2 μM) induced apoptosis in both cell types and showed no selectivity. We also conducted the same experiment with CEM cells and their subclone ACH2 cells (CEM cells with one integrated proviral copy of LAV) and obtained similar results (Fig. 5d-f and Fig. S3C ). These results are consistent with a preferential induction of apoptosis in apabetalone-treated HIV-expressing cells that leads to their elimination.
Apabetalone induced apoptosis in HIV-1 latent cells by causing G 1 /G 0 phase cell cycle arrest To explore the mechanism by which apabetalone induces apoptosis in HIV-1 latent cells, we first performed a flow cytometric analysis to detect the effect of apabetalone on the ACH2 cell cycle. The results confirmed that apabetalone could induce G 1 /G 0 cell cycle arrest in ACH2 cells in a dose-dependent manner. In particular, treatment with 30 μM apabetalone arrested 76.27% of the cells in their G 1 /G 0 phase, and the percentages of cells in the S phase and G 2 phase decreased accordingly (Fig. 6a) .
We next performed a western blot analysis to detect the expression of a cell cycle regulator, p21 waf1/Cip1 . As shown in Figure 6b , p21 waf1/Cip1 expression was increased after 48 h of apabetalone (30 μM) treatment. Consistent with this finding, the expression levels of CDK4, CDK6, and cyclin D1, which are G 1 /S phase check point proteins, were significantly down-regulated (Fig. 6c) . In addition, the phosphorylation levels of S780, S795, and S807/811 in the Rb protein, which are regulated by the cyclin-CDK complex, were also significantly reduced, resulting in the accumulation of Rb protein (Fig. 6d) . In this manner, the cell cycle of treated cells was arrested in G 1 /G 0 transition, leading to the apoptosis of HIV-1 latent-infected cells.
DISCUSSION
BET proteins, which include four members in humans (BRD2, BRD3, BRD4, and the testis-specific BRDT), are transcriptional regulators that control the HIV-1 gene transcription elongation by binding acetylated histones [31] [32] [33] . BET proteins have two highly conserved BRD modules (BD1 and BD2), which show a high degree of sequence similarity but differ in their recognition of acetylated target sequences [28] . JQ1 is a first-generation pan-BET inhibitor and several studies have reported that JQ1 can reactivate HIV-1 in different latency models by inhibiting BRD2/4 [34] [35] [36] [37] . However, JQ1 does not selectively bind the BD1 or BD2 domain of BET proteins, producing high degrees of cytotoxicity and side effects. Therefore, there is an urgent need to identify a new type of BET inhibitor that can effectively reactivate latent HIV-1 with high degrees of selectivity and safety.
Fortunately, sequence comparisons have revealed three residue positions in close proximity to the acetyl-lysine peptide binding site, which differs between the BD1 and BD2 domains [28] . The location of these residues suggests that these sequence variations should be explored for the purpose of developing inhibitors that specifically recognize one of the two BET BRDs [26] . Notably, apabetalone is a highly selective BET inhibitor that specifically targets the BD2 domain of BET proteins [28] . A microarray study showed that JQ1 strongly affects gene transcription with almost a 10-fold difference when compared with the BD2-specific inhibitor apabetalone. Apabetalone is being developed by Resverlogix Corporation for the treatment of cardiovascular diseases associated with atherosclerosis. In addition, apabetalone has recently entered clinical studies for the treatment of LDL dyslipidemia and recent phase III clinical data concerning the use apabetalone as an ApoA1 modulator have been encouraging [27, 38] . These disorders are all known as side effects of cART and might be prevented by apabetalone.
A recent study preliminarily showed that apabetalone could reactivate HIV-1 latency by increasing CDK9 Thr-186 phosphorylation [39] . However, our team has investigated the effects of apabetalone on latent HIV-1 and found that apabetalone could induce the preferential apoptosis of HIV-1 latent cells to promote the death of reactivated reservoir cells following viral reactivation, which makes apabetalone an ideal bifunctional LRA for HIV-1 eradication.
In the current study, the results indicated that apabetalone could significantly promote HIV-1 expression in various types of HIV-1 latency cells. Notably, the degrees of HIV-1 reactivation in the Tat-dependent latency cell models J-Lat A2 (Fig. 1c) and ACH2 (Fig. 1d) were significantly higher than the degrees of activation in the J-Lat 10.6 (Fig. 1e) and U1 cell models (Fig. 1f) , suggesting that the effect of apabetalone on latent HIV-1 depends on Tat. Remarkably, we found that apabetalone induced the latent HIV-1 5'-LTR transcripts in primary CD4 + T cells from infected individuals receiving suppressive cART (Fig. 1g) . Importantly, unlike other LRAs, such as Phorbol-12-myristate-13-acetate (PMA), prostratin, and bryostatin 1, which effectively reverse HIV-1 latency ex vivo but induce global T-cell The error bars in all panels represent the mean ± SD. **P < 0.01 activation and are too toxic for clinical use, apabetalone had no effect on T-cell activation (Fig. 2a,b ) and pro-inflammatory cytokines (Fig. 2c) , and showed no evidence of toxicity (Table 1) . These traits may be related to data in previous reports that showed that apabetalone can act as an immunosuppressive agent and a chemokine inhibitor. All of these results support further investigations of apabetalone as a potential agent that can be incorporated into an HIV-1 curative strategy. HIV-1 treatment strategies that employ combinational LRAs are widely assumed to be capable of efficiently reactivating latent HIV reservoirs [40, 41] . Prostratin and SAHA are conventional LRAs that work via different mechanisms. Apabetalone significantly promoted the reactivation effect of SAHA or prostratin in J-Lat A2 cells (Fig. 3a) , ACH2 cells (Fig. 3b) , and primary CD4 + T cells obtained from HIV-1-infected individuals receiving suppressive cART (Fig. 3c) . The above results indicate that apabetalone is an efficacious and safe candidate for development as an HIV-1 LRA.
Notably, the role of cART drugs on viral clearance in the "shock and kill" strategy are crucial for preventing the spread of HIV-1 infection and achieving an HIV-1 cure [9, 42] . In this study, we combined apabetalone with different types of cART drugs with high antiviral activities including Zidovudine (nucleoside reverse transcriptase inhibitors (NRTI)), Raltegravir (HIV-1 integrase inhibitor), Nevirapine (non-NRTI), Maraviroc (CCR5-HIV-1 entry inhibitor), and Plerixafor (CXCR4-HIV-1 entry inhibitor). Our results showed that the infection of activated HIV-1 by apabetalone could significantly decrease after treatments of all tested cART drugs (Fig. 3d ) and the combination of cART with apabetalone does not interfere with cART drugs' antiretroviral activity (Table 2 ). This indicated that the combination of apabetalone with cART could protect uninfected target cells from becoming reinfected and is favorable to eliminating latent HIV-1 reservoirs.
Recent studies have reported that Tat has a critical role in JQ1 or OTX015-mediated reactivation of latent HIV-1 [43, 44] and this was also indicated by the reactivation activity conducted using apabetalone (Fig. 1c-f ). To verify this hypothesis, we used TZMbl cells transfected with Tat to demonstrate that Tat has an important role in apabetalone-mediated HIV latent reactivation (Fig. 4a,b) .
The promoter-proximal pausing of initiated RNAP II activity on integrated HIV-1 proviral DNA has long been recognized as a major rate-limiting step in viral gene expression [45] . To overcome this restriction, the viral protein Tat directly interacts with TAR and recruits P-TEFb, which is composed of CDK9 and cyclin T1, to the HIV-1 LTR. Enzymatically active CDK9, which requires the phosphorylation of Tr186 in its T-loop, phosphorylates the Cterminal domain of RNAP II and negative elongation factors, and thereby increases the rate of HIV-1 transcription [46, 47] . Results show that apabetalone-mediated reactivation involved increases in cyclin T1, CDK9 T-loop phosphorylation, and RNAP II CTD phosphorylation, all of which facilitated transcriptional elongation of the HIV-1 gene (Fig. 4c,d) . The ChIP analysis showed that apabetalone can inhibit BRD4, but promote CDK9, Tat, and RNAP II CTD-Ser2P recruitment directly to the HIV-1 LTR (Fig. 4e,f) . As apabetalone specifically binds to the BD2 domain of BRD2/BRD4, the role of BRD2 in apabetalone-mediated reactivation remains unknown. Further experiments are needed to explore the relationship between BRD2 and HIV-1 latency.
The reactivation of latent HIV-1 ("shock") is not always concomitant with a reduction of the inducible latent reservoir ("kill"). For example, reactivation with SAHA failed to reduce the latent reservoir ex vivo unless CTLs were present and primed with antigen [48] . We demonstrated that apabetalone could induce a specific apoptosis of HIV latent cell lines (Fig. 5) . Previous studies have shown that BET inhibitors can induce cell apoptosis by reducing c-Myc expression and inducing G 1 /G 0 cell cycle arrest [49, 50] . p21 waf1/Cip1 is a cyclin-dependent kinase inhibitor controlling G 1 /G 0 cell-cycle progression through activation of cyclin D1-CDK4/6 complexes, regulates the expression and phosphorylation of the downstream Rb protein [51] . Results show that p21 waf1/Cip1 expression was induced by apabetalone treatment (Fig. 6b) , and this was followed by decreases in cyclin D1, CDK4, and CDK6 expression (Fig. 6c) . Apabetalone impedes the function of the cyclinD/CDK complex by reducing cyclin D1 and CDK4/6 levels, and the phosphorylation of S780, S795, and S807/S811of Rb protein; in turn, this results in the accumulation of Rb proteins (Fig. 6d) . Therefore, the cells become arrested at the G 1 /G 0 checkpoint and enter apoptosis.
It is well known that resting CD4 + T cells harboring integrated proviruses would enter cell cycle progression for differentiation and proliferation after LRA stimulation [8] . Apabetalone could selectively reactivate the resting CD4 + T cells harboring integrated proviruses via a Tat-dependent pathway, induce them to enter the cell cycle and arrest them in the G 1 /G 0 transition, leading to the apoptosis of HIV-1 latent-infected cells. It was notable that the pan-BET inhibitor JQ1 induced apoptosis in all the aforementioned cells. Previous studies have shown that JQ1 binds to both the BD1 and BD2 domains of BET proteins, whereas apabetalone only binds strongly to the BD2 domain [28] . In this way, apabetalone regulates far fewer genes than JQ1, which may explain the low toxicity and high selectivity of apabetalone. More possible scenarios can also account for these results. For example, a direct cytotoxic effect of HIV-1 may be responsible for this apoptosis. This would be in keeping with the fact that the latency model lacks the presence of natural killer or CTL cells that could otherwise eliminate reactivated cells [52] . Further investigations in this area are warranted.
In summary, we have provided strong evidence that the BET inhibitor apabetalone is a potent antagonist of HIV-1 latency. Apabetalone acts by activating P-TEFb via dissociating BDR4 from the HIV-1 promoter and recruiting Tat for stimulating HIV-1 elongation. Furthermore, apabetalone can down-regulate cyclin D1 expression, upregulate p21 waf1/Cip1 , and induce G 1 /G 0 phase cell cycle arrest. It was particularly interesting that apabetalone induced the preferential apoptosis of HIV-1 latent cells and further promoted the death of reactivated reservoir cells. In conclusion, its low degree of cytotoxicity, coupled with its abilities to reactivate latent HIV-1 reservoirs, induce HIV-1 latent cell apoptosis, and reduce the side effects of cART, all make apabetalone worth investigating for development as a possible LRA for use in accelerating HIV-1 eradication.
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